Background: The objectives of this study were to characterize the translational and rotational accuracy of a model-based tracking technique for quantifying elbow kinematics and to demonstrate its in vivo application. Method of Approach: The accuracy of a model-based tracking technique for quantifying elbow kinematics was determined in an in vitro experiment. Biplane X-ray images of a cadaveric elbow were acquired as it was manually moved through flexion-extension. The 3D position and orientation of each bone was determined using model-based tracking. For comparison, the position and orientation of each bone was also determined by tracking the position of implanted beads with dynamic radiostereometric analysis. Translations and rotations were calculated for both the ulnohumeral and radiohumeral joints, and compared between measurement techniques. To demonstrate the in vivo application of this technique, biplane X-ray images were acquired as a human subject extended their elbow from full flexion to full extension. Results: The in vitro validation demonstrated that the model-based tracking technique is capable of accurately measuring elbow motion, with reported errors averaging less than 61.0 mm and 61.0 deg. For the in vivo application, the carrying angle changed from an 8.3 6 0.5 deg varus position in full flexion to an 8.4 6 0.5 deg valgus position in full extension. Conclusions: Model-based tracking is an accurate technique for measuring in vivo, 3D, dynamic elbow motion. It is anticipated that this experimental approach will enhance our understanding of elbow motion under normal and pathologic conditions.
Introduction
The elbow is comprised of three bones, three joints and a group of several soft tissue structures. The elbow joint is classified as a trochleaginglymoid joint, producing both forearm rotation and flexion-extension; and its purpose is to position the hand in space. Significant research efforts have focused on studying the mechanics of the elbow. However, accurately quantifying elbow motion and joint interaction in 3D space, especially under in vivo conditions, remains a significant challenge.
Previous research on elbow kinematics has relied upon cadaveric simulations [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , in vivo motion capture or electromagnetic techniques [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , static radiography [23] [24] [25] , and twodimensional (2D) dynamic fluoroscopy [26] for quantifying the kinematics of the elbow. Cadaveric simulations are capable of providing highly accurate measures of joint position and motion. However, cadaveric simulations cannot completely reproduce the physical muscular force across the elbow. In vivo joint tracking techniques record kinematic data under a variety of dynamic conditions by tracking the position of skin mounted sensors or reflective markers. However, the externally positioned markers are susceptible to errors introduced by skin movement. Static radiography provides a noninvasive means to make accurate measurements at the elbow joint in vivo, and is often used to quantify the position and orientation of the elbow's flexion-extension axis [23] [24] [25] . However, this technique is limited to measurements at static positions of elbow flexion. Two-dimensional (2D) dynamic fluoroscopy can assess elbow translations and rotations throughout the full range of motion by registration of planar 2D fluoroscopic images to a three-dimensional (3D) imaging modality (such as computed tomography). However, these studies are restricted to quantifying single-plane measurements. For example, although sagittal images are ideal for measuring elbow range of motion, they cannot be used to measure the carrying angle of the ulna with respect to the humerus.
To overcome the limitations associated with previously reported techniques for measuring in vivo elbow kinematics, our laboratory has developed a method for tracking joint motion from biplane X-ray images based on their 3D shape and density [27] . This technique has been validated at other joints [27] [28] [29] [30] [31] , but has not yet been applied to the elbow. The objectives of this study were to characterize the translational and rotational accuracy of this measurement technique and to demonstrate its in vivo application. Based on previous experience with this technique, we expected that the model-based tracking technique would be accurate to within approximately 1 mm in translation and 1 deg in rotation.
Materials and Methods

Validation of Model-Based Tracking
Technique. Five 1.6 mm diameter tantalum beads were inserted into the distal humerus, proximal radius and proximal ulna of a human cadaveric specimen (right side). All soft tissues surrounding the elbow joint remained intact. The instruments for implanting the markers consisted of matched stainless steel cannulas, inserts, and drill guides with depth stops. The cannula/insert was used to drill a hole through the bone. The insert was removed and a bead was inserted into the cannula surrounded by bone wax and pushed to the end of the hole. The position of each bead within bone was verified using radiographic images. The specimen was secured to a custom apparatus with the elbow joint centered within the 3D imaging volume of a biplane X-ray system. Biplane X-ray images were acquired as the specimen was manually moved from a position of 135 deg flexion to full extension. This motion was performed three times. Biplane X-ray images were also acquired for three static trials, with the elbow fixed in full extension. The biplane X-ray images were acquired at 60 Hz for two seconds with the X-ray generators in pulsed mode (70 KV, 160 mA) and video cameras shuttered at 1/250 seconds to eliminate motion blur.
Following testing, CT images of the cadaveric arm, from midhumerus to the wrist, were acquired using a clinical scanner (GE Medical Systems -LightSpeed VCT, New Berlin, WI, USA). Imaging parameters included a field of view of 128 mm, a 512 Â 512 reconstruction matrix, and a voxel size of 0.25 Â 0.25 Â 0.60 mm. The CT images of the humerus, radius and ulna were then segmented from surrounding bones and soft tissues using commercial software (Mimics 13.0, Materialise, Leuven, Belgium) and reconstructed to generate 3D bone models.
The 3D position and orientation of each bone was determined from the biplane X-ray images using a model-based tracking technique [27, 30] . Briefly, this technique generates a pair of digitally reconstructed radiographs (DRRs) by ray-traced projection through the CT bone model. 3D position and orientation of a given bone can then be estimated by optimizing the correlation between the two DRRs and the two biplane X-ray images. This technique allowed for the independent determination of the 3D position and orientation of one bone relative to an adjacent bone for all frames of each trial. For comparison, the 3D position and orientation of each bone was also determined using the dynamic RSA technique and the implanted beads [32] . This represented the gold standard bone position, and was used to quantify the accuracy of the model-based tracking technique. This RSA technique has been shown to be accurate to within 60.1 mm [32] .
In order to report the accuracy of the model-based tracking technique in clinically relevant terms, each bone's 3D position and orientation was first determined relative to a laboratory-based coordinate system for both the model-based tracking and dynamic RSA techniques. For each technique, we then transformed the data expressed in the laboratory-based coordinate system to the CT-based anatomical coordinate system. This anatomical coordinate system, determined from the CT bone model, was created for each bone using custom software [4, 5, 8] . For the humerus, three anatomic landmarks were selected: the center of the capitellum (defined as a sphere), the center of the trochlea (defined as a circle) and the center of the humeral medullary canal approximately 100 mm from the most distal point on the humerus. The local anatomic coordinate system was defined by three orthogonal vectors. The center of the capitellum and trochlea defined the flexion-extension axis, which was nominally aligned in the medial-lateral (ML) direction. The Z-axis (termed: PD-axis) was defined as the midpoint of the flexion-extension axis and the center of the medullary canal, and was oriented in the proximal-distal (PD) direction. The X-axis (termed: AP-axis) was defined as the vector cross-product of the PD-axis and the flexion-extension axis, and was oriented in the anterior-posterior (AP) direction. Lastly, the Y-axis (termed: ML-axis) was defined as the vector cross-product of the PD-axis and AP-axis, and was oriented in the medial-lateral direction [ Fig. 1(a) ].
For the radius, the three anatomic landmarks were the center of the radial head, the radial styloid, and the center of the medial distal radialulnar joint (DRUJ) surface. For the anatomic coordinate system, the PD-axis was defined as a vector starting at the medial DRUJ surface and ending at the radial head. The center of the medial DRUJ surface and radial styloid defined the distalradial vector. The ML-axis was defined as the cross-product of the PD-axis and the distal-radial vector. Finally, the AP-axis was defined as the cross-product of the ML-axis and PD-axis [ Fig. 1(b) ].
For the ulna, the three anatomic landmarks were the center of the greater sigmoid notch, the proximal tip of the olecranon, and the distal ulnar styloid. The proximal tip of the olecranon and distal ulnar styloid defined the long-axis of the ulna, and was nominally aligned in the proximal-distal direction. The ML-axis was defined as the cross-product of the long-axis of the ulna and a vector defined by the center of the greater sigmoid notch and the proximal tip of the olecranon. The AP-axis was defined as the cross-product of the ML-axis and the long-axis of the ulna. Finally, the PD-axis was defined as the cross-product of the APaxis and ML-axis [ Fig. 1(c) ].
For each elbow extension trial, 3D kinematics (i.e., translations and rotations) of the elbow were calculated based on the position and orientation data determined from the biplane X-ray images using an Eulerian angle analysis. An Euler angle sequence of flexion-extension, varus-valgus rotation, and internal-external rotation was selected based on previous reports of elbow kinematic analysis [8, 11, 33, 34] . Translations and rotations were calculated for both the ulnohumeral and radiohumeral joints. Flexionextension was defined as rotation about the ML-axis of the humerus, varus-valgus rotation was defined as rotation about the AP-axis of the humerus, and internal-external rotation was defined as rotation about the PD-axis of the humerus. AP translation was defined as translation along the AP-axis, ML translation was defined as translation long the ML-axis, and PD translation was defined as translation along the PD-axis. Expressing these kinematic data in a common anatomical coordinate system allowed for a direct comparison between the model-based tracking and dynamic RSA techniques.
Translational and rotational accuracy were quantified in terms of bias, precision, and dynamic accuracy [35] . Bias was defined as the mean difference between the two measurement techniques (model-based tracking and dynamic RSA) during the dynamic trials. Precision was defined as the standard deviation of the modelbased measurements when applied to only the static trials (30 frames per static trial). Thus, any frame-to-frame variability in measurement error when no motion occurred provided an estimate of the precision of the model-based tracking technique. To provide a single measure of accuracy, dynamic accuracy was defined as the root mean square error between the two measurement techniques during the dynamic trials. Bias and dynamic accuracy were 
, and reported as the mean 6 one standard deviation of the three trials. Bias, precision and dynamic accuracy were calculated for each kinematic outcome measure (three translations and three rotations) of each joint. A t test was used to determine if the bias was significantly different than zero, with significance set at p < 0.05.
2.2
In-Vivo Application. To demonstrate in vivo application of the model-based tracking technique, one subject (male, age 27) with no history of previous elbow injury or surgery was tested. Following IRB approval and informed consent, the subject was seated with their right shoulder externally rotated and abducted 90 deg, and their right elbow resting on a platform and centered in the biplane X-ray system. With the forearm in full supination, biplane X-ray images were acquired at 60 Hz while the subject extended their right elbow from full flexion to full extension. Three dynamic trials were collected.
Following biplane X-ray testing, a CT image of the subject's right arm, from mid-humerus to the wrist, was acquired. Imaging parameters included a field of view of 180 mm, a 512 Â 512 reconstruction matrix, and a voxel size of 0.35 Â 0.35 Â 0.60 mm. Individual 3D bone models of the humerus, radius, and ulna were created by manually segmenting each bone from other surrounding bones and soft tissues using commercial software (Mimics 13.0, Materialise, Leuven, Belgium).
The 3D position and orientation of each bone was determined using the model-based tracking technique [27] . An anatomic coordinate system was created for the humerus, radius, and ulna using anatomic landmarks and vector cross-products [4, 5, 8] . 3D kinematics of the elbow were calculated based on the position and orientation data determined from the biplane X-ray images [8, 11, 33, 34] . Kinematic outcome measures were averaged across the three motion trials, and included flexion-extension range of motion and the carrying angle. The carrying angle throughout elbow flexion was calculated as the varus-valgus angle of the ulna with respect to the humerus.
Results
Validation of Model-Based Tracking Technique.
The model-based tracking technique produced results that were in close agreement with the RSA technique. At the ulnohumeral joint (Table 1) , average translational bias ranged from À0.26 to 0.35 mm and was not significantly different than zero (p ¼ 0.13). Average rotational bias ranged from À0.75 deg to À0.03 deg and was found to be significantly different than zero (p < 0.05). Average precision was less than 0.20 mm and 0.42 deg. Average dynamic accuracy was within 0.72 mm and 0.91 deg.
At the radiohumeral joint (Table 2) , average translational bias ranged from À0.60 to 0.48 mm and was found to be significantly different than zero (p < 0.05). Average rotational bias ranged from À0.51 deg to À0.36 deg and was not significantly different than zero (p ¼ 0.11). Average precision was less than 0.41 mm and 0.30 deg. Average dynamic accuracy was within 0.96 mm and 0.97 deg.
3.2
In-Vivo Application. For the representative subject, mean elbow extension was 0.9 6 0.5 deg, mean elbow flexion was 144.5 6 1.2 deg, and the average range of motion across the three motion trials was 143.7 6 1.7 deg. The pattern of change in the carrying angles with elbow extension was consistent across the three motion trials (Fig. 2) . As the elbow was extended, the carrying angle changed linearly from an 8.3 6 0.5 deg varus position in full flexion to an 8.4 6 0.5 deg valgus position in full extension.
Discussion
The objectives of this study were to characterize the translational and rotational accuracy of a model-based tracking technique for quantifying elbow kinematics, and to demonstrate its in vivo application. Using a well-validated and well-accepted dynamic RSA technique as a gold standard [32] , this study demonstrated that the model-based tracking technique is capable of accurately measuring elbow motion, with reported errors averaging less than 61.0 mm in translation and 61.0 deg in rotation. In addition, the study demonstrated in vivo application of the measurement technique and reported the results from one subject that was in agreement with previous literature [11, 33, [36] [37] [38] [39] .
The model-based tracking technique produced results that were, in general, in close agreement with the RSA technique. However, there were larger errors between the two techniques in some frames, with dynamic accuracy ranging from 0.1 to 1.7 mm and from 0.1 to 1.8 deg across all frames of the dynamic trials. These higher errors in dynamic accuracy may have been due to the relative position of the radius and ulna within the biplane X-ray system. For portions of flexion-extension, the radial head and ulnar shaft overlapped one another, possibly affecting alignment using the model-based tracking technique. The exact frames of overlap varied from trial-to-trial, but were generally during mid-flexion. This may explain why the measurement bias between the modelbased tracking technique and dynamic RSA technique was, in some instances, significantly different than zero. It may also explain why the model-based tracking technique, when applied to the elbow, was found to be less accurate than previous studies conducted in our laboratory on other joints [27] [28] [29] [30] . Adjusting forearm rotation as well as arm position within the X-ray field of view may reduce the degree of radial-ulnar overlap within the Xray images, and subsequently improve the accuracy of the modelbased tracking technique. However, this requires further investigation.
Elbow range of motion has been previously reported to range from 135-147 deg [38] , whereas the carrying angle has been previously reported to range from 7-19 deg valgus in full extension and change linearly from valgus to varus as the elbow is flexed to full flexion [40] [41] [42] . In this investigation, the path of motion for one representative subject was consistent across three motion trials, and the subject exhibited motion characteristics that were consistent with what has been previously reported in the literature [11, 33, [36] [37] [38] [39] . Accurately measuring in vivo elbow kinematics is important for understanding, among other things, the etiology of ligament injuries and the effects of surgical treatment to correct these injuries. Unfortunately, there are few studies investigating in vivo elbow kinematics, and the accuracy of the techniques employed in these studies is rarely reported. In the investigation of elbow kinematics, a technique that is accurate to within 61.0 mm and 61.0 deg is necessary to detect subtle changes in joint position that may occur with injury. For example, injury to the ulnar collateral ligament mechanically alters elbow function, increasing medial joint spacing and varus-valgus laxity, and resulting in joint instability. Medial joint spacing (based on interbone distance measurements) and varus-laxity laxity has been reported to be approximately 3-4 mm and 6-9 deg, respectively, in the normal elbow joint, whereas deficiency of the ulnar collateral ligament has been reported to increase medial joint spacing and varus-valgus laxity by 2-4 mm and 4-10 deg, respectively [43, 44] . The technique reported here is capable of detecting changes in joint position within these levels.
The strength of the experimental approach described here is that it provides accurate noninvasive measures of in vivo elbow motion during dynamic activities. Limitations include radiation safety concerns that restrict the number of trials that can be acquired for a given subject, and the size of the biplane X-ray system's 3D field of view which limits the activities during which elbow motion can be measured. The use of one specimen is another limitation of this study, as a single specimen does not account for variations in bony anatomy, soft tissue structure, bone density, and other factors that affect image quality. However, this specific model-based tracking technique has been evaluated for a wide variety of joints with gross differences in bony anatomy, soft tissue structure, and bone density. Despite gross differences in imaging conditions and image quality between these anatomical joints, these previous validation studies have consistently reported translational and rotational errors ranging from approximately 0.4 to 0.7 mm and 0.5 to 0.9 degrees [27] [28] [29] [30] [31] . The consistency of these previously reported findings strongly suggests that variations in imaging conditions within the same joint due to subtle differences in anatomy, soft-tissue, or bone density are likely to have a relatively minor effect on accuracy of the model-based tracking technique. Consequently, it is unlikely that testing additional elbow specimens would have an appreciable effect on the accuracy values presented here. This study further supports the use of model-based tracking as an accurate technique for the measure of joint motion, and applies it specifically towards the elbow joint.
This study examined the accuracy of a model-based tracking technique for measuring elbow kinematics. The results of this study demonstrate that this method is capable of accurately measuring elbow motion, with errors averaging less than 61.0 mm in translation and 61.0 deg in rotation. This noninvasive technique has several applications in the study of elbow kinematics. Future efforts will focus on applying this technique towards the study of interactions at the joint, which is important in the study of postoperative mechanics following surgical treatment for elbow disorders such as ligament reconstructions and total elbow arthroplasty.
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